Introduction
============

When ionizing radiation (IR) is passing through cell to produce free radicals and toxic substances named as reactive oxygen species (ROS). ROS elevates oxidative stress conditions in the cells. Imbalance between oxidative and endogenous antioxidant is resulting in oxidative stress damage to cell macromolecule such as DNA, RNA and proteins. Cells are equipped with defense system that neutralizes ROS and leads to cell maintenance \[[@B1]\]. Endogenous defense systems are mainly acted by extracellular and intracellular antioxidants, which are able to protect tissues from ROS. Various antioxidant enzymes contribute in endogenous defense system are including superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx). In addition, vitamin E, vitamin C, glutathione and beta carotene are non-enzymatic antioxidants, which can scavenge oxidants \[[@B2][@B3]\]. Trace elements, such as copper, manganese, zinc, and selenium, are required for the activity of antioxidant enzymes. For example, zinc is vital for the functionality of more than 300 enzymes \[[@B4]\]. Also, trace elements may contribute in repairing on DNA damage through regulation of proteins involved in cell signaling pathways \[[@B5][@B6]\]. Human absorb essential nutritional trace elements through supplements, and these elements can participate in protection tissues against toxicity induced by IR.

This review will focus on the role trace elements on elimination oxidative stress and cell protection against genotoxicity induced by ionizing radiation. It will concentrate on the role zinc, manganese, selenium, and copper in oxidative stress and their potential beneficial effects on deleterious side effects of IR.

Trace Elements
==============

Trace elements are present at low concentrations (less than µg/g) in living organisms and environments. Trace elements are including zinc (Zn), selenium (Se), copper (Cu), iron (Fe), manganese (Mn), cobalt, nickel, lead, cadmium, chromium, arsenic, molybdenum, and boron. The concentrations of Zn, Se, and Cu are 33, 0.2, and 1 µg/g in human body, respectively \[[@B7]\]. Some of trace elements are essential for growing of organisms \[[@B8]\]. In biochemistry, Zn, Se, Mn, and Cu are needed at very low amount for the proper growth, development, and physiology of the organism. Deficiencies of some trace elements are associated with many diseases. Low plasma zinc levels have been reported in patients with rheumatoid arthritis \[[@B9][@B10]\]. Deficiency of selenium and vitamin E, which has been implicated in the development of Keshan (cardiomyopathy) diseases \[[@B11][@B12]\].

Biological Properties of Trace Elements
=======================================

A great variety of enzymes, structural proteins, transcription factors, and ribosomal proteins are containing trace elements in their structures. Many enzymes require metals for proper functions; for example, Mn, Zn and Cu in superoxide dismutase \[[@B13][@B14]\]. Zn plays a crucial role in the repair of damaged-DNA, and regulation of cell proliferation and apoptosis through activation of various transcriptional factors and DNA or RNA polymerases \[[@B15]\]. Cytochrome-c oxidase sites are occupied with copper, has a crucial role in proper function of this enzyme. It is in mitochondria and contributes in electron transport chain. Cytochrome-c oxidase is an efficient energy transducer that reduces oxygen to water and converts the released chemical energy into an electrochemical membrane potential \[[@B16][@B17]\]. There a summary of role trace elements against oxidative stress with various mechanisms is discussed.

1. Antioxidant activity
-----------------------

Several trace elements are involvement in the catalytic activity and special conformation of antioxidant enzymes, may contribute to mitigate the oxidative stress. Enzymatic protectors include SOD, CAT, GPx, and glutathione reductase (GR). SOD and GPx are most antioxidant enzymes in the most of tissues. SOD catalyses the dismutation of superoxide (O2^-^) into oxygen and hydrogen peroxide (H~2~O~2~), the last is catalyzed by catalase enzyme to water and oxygen \[[@B18][@B19]\]. Proteins are containing sulfhydryl group can scavenge free radicals. Zn stabilizes sulfhydryl and increases its reactivity for neutralizing ROS \[[@B20]\]. GPx is belonging to peroxidase enzyme family whose main biological role is to protect the organism from oxidative stress. Most of GPx are selenium-containing proteins with a selenocysteine in the catalytic center. Selenium is necessary for proper function of this enzyme \[[@B21][@B22]\]. Zn-bound metallothioneins (MT) are thiol-rich proteins with antioxidant activities that release Zn ions for several proteins and enzymes involved in antioxidant and DNA-repair responses. They act as protective agents against deleterious effects induced by oxidative stress \[[@B23][@B24]\].

2. Anti-inflammatory effects
----------------------------

Adequate intakes of trace elements are required for the immune system to function efficiently. Zn is a second messenger for immune cells, and intracellular zinc participates in signaling events involved in inflammation process. Zn has a crucial role for normal development and functions of immune cells such as monocyte, macrophage, neutrophils, and natural killer cells. Zn regulates phagocytosis and pro-inflammatory cytokines production by immune cells. Zinc can inhibit nuclear factor kappa-B (NF-κB) signaling via tumor necrosis factor-alpha (TNF-α) receptor-associated factor pathways, resulting in reduction of inflammatory cytokines \[[@B25][@B26]\].

3. DNA stabilizing
------------------

Some trace elements are required for maintain genome stability. Zn and Se have been shown to affect on DNA repair responses via regulation of most cell signaling pathways and proteins involved in DNA maintenance. Severe zinc depletion caused more DNA damage in peripheral blood cells and this was normalized by zinc repletion \[[@B27]\]. Poly(ADP-ribose) polymerase (PARP) has a crucial role in DNA repair. PARP has Zn fingers, which plays a role in the reorganization of DNA breaks \[[@B28]\]. Zn-finger (Zn-f) may enable DNA ligase to rejoin chromosomal DNA strand breaks induced by oxidative stress \[[@B29]\]. Selenomethionine regulates p53-mediated base excision repair pathways, which corrects DNA damage caused by oxidative stress \[[@B30]\]. Selenium increases the activity DNA glycosylases as a repair enzyme and impact on the DNA repair process \[[@B31]\]. The role selenium on DNA protection was investigated in the cohort study. It was an inverse association between serum selenium level and accumulated DNA damage in human blood leukocytes \[[@B32]\].

Ionizing Radiation and DNA Damage
=================================

Ionizing radiation such as gamma and X-rays has sufficient energy to displace electron from atom or molecule, producing ion. IR produces ROS by ionization of water molecule. ROS are including OH^o^, H~2~O~2~, OH^o^, O^2-^, peroxyl radical (ROO^o^), alkyl hydroperoxide (ROOH), and singlet oxygen. ROS are highly chemically reactive and attack nearby molecules and lead to change their chemical structures \[[@B33]\]. ROS can react with many cellular biomolecules including proteins, lipids, and DNA that produce a variety of oxidative lesions. Elevated ROS level have been suggested to be involved in a variety of biological processes from cellular dysfunction to death. Radiation-induced DNA lesion is main reason for cell killing. If ROS levels increased, DNA lesions cannot be effectively repaired by endogenous systems, leading to genome instability and chromosome abnormalities \[[@B34]\]. Radiation-induced genome aberration has a crucial role in the mechanisms underlying radiation-induced carcinogenesis \[[@B35]\]. DNA as the major biomolecule is very sensitive to deleterious effect of ionizing radiation. Single strand breaks (SSB) is efficiently rejoined and repaired by base repair endogenous systems. The most deleterious damage induced by ionizing radiation is thought to be the double strand breaks (DSB), a break in the both strands of the DNA separated by disrupting about 10 base pairs or less \[[@B36][@B37][@B38]\]. DSB is leading to deleterious outcomes of ionizing radiation for healthy cells. Type of strand breaks is dependent to dose and type radiation, cell type and cellular environments. Presence of oxygen increases DNA damage induced by ionizing radiation, while glutathione as a thiol compound reduces radiation toxicity in cell. Persistent or misrepaired DNA damage can induce mutagenesis; genome instability is an essential step in the development of cancer. DNA damage can promote cell death responses that underlie pathologies that involve tissue dysfunction, such as bone marrow depression \[[@B39]\]. Ionizing radiation contributes in production of pro-inflammatory cytokines through generate ROS and reactive nitrogen species (RNS), such as superoxide, nitric oxide, hydroxyl radicals, peroxynitrite, and their derived products. There is a cross talk between ROS/RNS and some pro-inflammatory cytokines, such as TNF-α and IL-1 \[[@B40][@B41]\]. It is evidence that free radical scavengers such as N-acetyl cysteine and amifostine can cause lower pro-inflammatory cytokine expression \[[@B42][@B43]\]. TNF-α can cause DNA damages through the induction of ROS, and it is a potent mutagen. Over expression of TNF-α is related to increased levels of 8-hydroxydeoxyguanosine (8-OHdG) as a nucleotide damage marker in the liver tissue \[[@B44]\]. Some compounds with reduction in TNF-α level have exhibited radioprotective effects on the cells \[[@B45][@B46]\]. Ionizing radiation can activate or down-regulate multiple signaling pathways, leading to either increased cell death or increased cell survival. ROS/RNS cause or regulate apoptosis cell signaling pathways, including mitogen-activated protein kinases (MAPK), protein kinases-B/C, inhibitor-of-I-kappaB kinases. Activation of the MAPK cascades is leading to expression of target genes and resulting in a biological response, such as cell death, survival or inflammatory response, it is dependent to cell type \[[@B47][@B48]\].

Role Trace Elements on Genotoxicity Induced by IR
=================================================

Several mechanisms are proposed for protective effects of trace elements against DNA damage induced by IR, including antioxidant, anti-inflammatory, and DNA stabilizing. Several preclinical studies reported the radioprotective effects of trace elements on the genotoxicity induced by IR. Pre-treatment with Zn both *in vivo* and *in vitro* increased metallothionein level in animal lymphocytes, and resulted in resistance to gamma radiation induced chromosome damages. Pretreatment with Cu (*in vitro*) did not show any protective effect on radiation-induced chromosome damage in animal lymphocytes. Induction of metallothionein synthesis by Zn is one of main factor responsible for radioprotective effect, while Cu-MT did not show any radioprotective effect \[[@B49]\]. Metallothionein acts as a scavenger on radiation-induced peroxides \[[@B50]\]. The higher protection against DNA damage induced by IR was observed for Zn-MT other than Mn-MT and Cu-MT. Metallothionein bound to Zn is high-capacity antioxidant activity to protect radiation-induced DNA damage \[[@B51]\]. Treatment of mice with 30 mg/kg body weight of Zn aspartate 30 minutes before exposure to radiation protected spermatogonia and tetraploid cells from radiation-induced cell killing \[[@B52][@B53]\]. Recovery bone marrow cells in groups of mice exposure to IR and fed with Zn was better than irradiated mice alone \[[@B54]\]. Zn can protect thyroid function against toxicity induced by ^131^I in rats. Zn has a role in cellular integrity of the thyroid under oxidative stress induced by ionizing radiation \[[@B55]\]. Zn supplementation to ^131^I treated rats, attenuatd the thyroid toxicity induced by ^131^I through the levels of MDA, GSH, SOD and catalase \[[@B56][@B57]\]. The effect of zinc on genotoxicity induced by hydrogen peroxide was evaluated in normal human lymphocytes and human myelogenous leukemia K562 cancer cell. Zn protected normal cells against DNA damage and increased this effect in cancer cell, which indicates the dual action of Zn in dependency of normal or cancer cells and can be useful in cancer therapy \[[@B58]\]. Zn-f motifs participate in protein-nucleic acid and protein-protein interactions in many groups of proteins, including those involved in DNA repair \[[@B59]\]. Zn-f may enable Lig-3 to rejoin chromosomal DNA strand breaks located at sites of clustered damage induced by ionizing radiation, resulting in maintenance of genetic integrity \[[@B29]\] ([Fig. 1](#F1){ref-type="fig"}). Cu and Fe have crucial roles in Fenton reaction that transforms H~2~O~2~ into OH radical, one of the most ROS, resulting in the induction of DNA damage \[[@B60]\]. Normal cells treated with Cu salts to show an increased oxidative stress and DNA damage \[[@B61]\]. However, Cu in Cu/Zn-SOD has a protective role in detoxification of ROS \[[@B62]\]. Some of Cu-complexes exhibited superoxide dismutase-mimic activity and antioxidant activity \[[@B63]\], while other Cu-complexes showed pro-oxidant properties and generated ROS, resulting in DNA cleavage. DNA cleavage and antiproliferative effects of Cu-complexes were studied in many cancer cells for finding new anticancer agents \[[@B64][@B65][@B66]\].

Selenium has several mechanisms related to cell protection against oxidative stress such as antioxidant activity by selenoenzymes, modulation of cell cycle and apoptosis and DNA repair \[[@B67]\]. Selenium is an essential constituent of extracellular and cellular metalloenzymes, glutathione peroxidase, thioredoxin reductase and other selenoproteins. Selenium supplementation protected healthy tissues and reduced the side effects of radiation treatment \[[@B68]\]. Diselenodipropionic acid (DSePA), a diselenide and a derivative of selenocystine improved survival rate in mice exposed to lethal dose IR. This selenium organic compound enhanced antioxidant enzymes and attenuated DNA damages. DSePA also inhibited radiation-induced apoptosis and reversed radiation-induced alterations in the expression of the proapoptotic BAX and the antiapoptotic *Bcl-2* genes \[[@B69]\]. Selenoprotein GPx-1 contributes in protection DNA from oxidative stress damage \[[@B70]\]. Selenium, in the form of seleno-L-methionine (SeMet), induced redox-factor-1 (Ref-1) and p53 proteins in normal cells, SeMet preferentially induced the DNA repair branch of the p53 pathway. Pretreatment with SeMet protected normal fibroblasts from DNA damage, then selenium compounds are involved in DNA repair through cell signaling pathways \[[@B71]\]. Sodium selenite has an effective radioprotective action in the parotid gland in rats were administered before irradiation in the head and neck region with a single 15-Gy dose of gamma radiation \[[@B72]\]. Both the inorganic salt, sodium selenite, and the organic Se compound, selenomethionine, enhance the survival of irradiated mice when injected either before or shortly after radiation exposure. A synergistic effect of Se in combination with amifostine as a thiol compound radioprotector was observed with increasing of survival rate in irradiated mice \[[@B73][@B74]\]. Sodium selenite exhibited a radioprotective effect in the bone repair of tibia of ovariectomized rats were exposed to 10 Gy of X-ray without toxicity \[[@B75][@B76]\]. However, Se has radioprotective effect on normal cells; selenite exhibited a radiosensitizing effect in glioma cancer cell at concentration 2-3 µM \[[@B77]\]. These dual beneficial effects of Se are promising for patients during radiation therapy of cancer. However, Mn-complex compounds widely were investigated as radioprotector, Mn in salt form was not shown any protective effect. Manganese chloride treatment of mice 24 hours prior to irradiation did not significantly protect skin and small intestine against acute radiation injury. Mn treatment of mice did not result in increased levels of MT in the skin and small intestine \[[@B78]\].

Cu/Zn-SOD and Mn-SOD are conserved enzymes for scavenging superoxide radical in cells. Because of the integrity of cell membranes, exogenous SODs are not able to be incorporated into cells, which limited the application of natural SOD \[[@B79][@B80]\]. Studies on complexes of manganese and zinc have attracted considerable attention in recent time due to their various interesting properties like SOD mimetic. Kojic, chromone, 5-aminosalicylic acid, and 2-methylaminopyridine complexes with Zn, Mn and Cu exhibited radioprotective effects against mortality and genotoxicity induced by IR in animals \[[@B81][@B82][@B83][@B84]\]. Mn-containing complexes widely are evaluated as a class of radioprotective agent that acts as superoxide dismutase mimetic and other mechanisms related to mitigation radiation toxicity \[[@B85][@B86][@B87][@B88][@B89]\]. Mn(II) complexes with nicotinyl-L-tyrosinate and nicotinyl-L-tryptophanate schiff base ligands have radioprotective effects against genotoxicity induced by radiation in rats. Animal were administered orally with these complexes and irradiated with X-ray, DNA liver was protected by these Mn-complexes from radiation-induced damage \[[@B90]\] ([Fig. 1](#F1){ref-type="fig"}). Mn-porphyrin derivatives complexes are potent, small molecular weight antioxidants that scavenge a variety of free radicals including superoxide, hydrogen peroxide, lipid peroxides and peroxynitrite. These Mn-complexes prevented radiation-induced tissue injury. MnTE-2-PyP manganese(III) Tetrakis-(N-methylpyridinium-2-yl) porphyrin reduced overall weight loss, skin damage and testicular atrophy associated with lower abdominal radiation exposure. MnTE-2-PyP reduced IR-induced DNA damage in prostate epithelial cells. The mechanism related to MnTE-2-PyP is scavenging of superoxide and hydrogen peroxide produced by IR, however, MnTE-2-PyP reduced the growth of tumors in the presence of radiation \[[@B91][@B92]\]. The radioprotective effects of MnTE-2-PyP are associated through its ability both to suppress oxidative stress and to decrease activation of key transcription factors and proangiogenic and profibrogenic cytokines \[[@B93]\].

Clinical Studies
================

Several clinical evidences indicated that trace element supplement to act as an effective radioprotector in patients during radiotherapy. In a randomized clinical study, thirty patients with head and neck cancer were randomized to receive either zinc sulfate or placebo; and oropharyngeal mucositis were evaluated in patients. Zinc sulfate was containing 50 mg zinc in a capsule that patients taken three times daily. Results indicated that the degree of mucositis in the patients in the zinc sulfate group was markedly lower than that in the placebo group. Investigators claimed this inexpensive supplement and easy to patients had no serious side effects \[[@B94]\]. The effect of polaprezinc (zinc L-carnosine) oral rinse was investigated on radiochemotherapy-induced oral mucositis, pain, xerostomia and taste disturbance in 16 patients with head and neck cancer, and results were compared with control azulene oral rinse. Polaprezinc oral rinse markedly reduced oral mucositis, xerostomia, taste disturbance, and the frequency of the use of analgesics in patients as compare with control group \[[@B95]\]. Multicenter clinical trials were performed German researchers about the beneficial effect of zinc supplement on reducing of radiation-induced diarrhea in patients. A total of 81 patients were randomized in selenium and control groups with 39 and 42 patients, respectively. Patients orally taken selenium selenite. There was a statistically significant difference between the groups towards a lower incidence of diarrhea in the selenium group compared to the control group \[[@B96]\]. In follow-up analysis of these patients, they demonstrated that selenium supplementation had no influence on the effectiveness of the anticancer irradiation therapy and did not negatively affect patients\' long-term survival. They concluded that selenium supplement is benefit in selenium-deficient cervical and uterine cancer patients while undergoing pelvic radiation therapy \[[@B97]\].

Conclusion
==========

Exposure to ionizing radiation is resulting in pathophysiological events in cells and tissues. Radiation-produced ROS and inflammations are main reasons for DNA injury in cells, which is associated to genotoxicity and cell death. Some of trace elements are involved in the protection against genome instability induced by IR through various mechanisms are including enhancement of endogenous defense enzymes and free radical scavenging proteins, medication of cell signaling pathways for DNA repair, and anti-inflammatory. However, free trace elements in the salt forms have protective effects against cell toxicity induced by oxidative stress, metal-complex are more active and interesting in attenuation of ROS particularly with super oxide dismutase mimetic activity. With regards to promising results related to Mn-complexes in protection normal cell against IR without any protective effects on cancer cells in exposure to IR, future preclinical and clinical investigations help find new medications in improvement of patients care under radiation therapy.
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